Physical disturbance of plants or plant parts results in a mechanical stress response from the plant. Mechanical stress applied naturally or under controlled conditions inhibits growth in mass and dimensions of major plant parts. Wind and precipitation are important natural sources of mechanical stress. Under field conditions, cultivated plants experience these natural mechanical stresses plus those caused by irrigation and contact with farm machinery or workers during cultivation. Some horticultural practices, such as staking of trees or potted plants, pinching or pruning stems, deadheading flowers, bagging potted plants, or training branches, are mechanical stresses that affect plant growth. Handling practices in plant science research, such as cross-pollination or tagging of flowers (Frizzell et al., 1960) or repeated attachment of leaf chambers for measurement of water status or photosynthetic rates (Marler and Mickelbart, 1992), also can affect plant growth and physiology.
Physical disturbance of plants or plant parts results in a mechanical stress response from the plant. Mechanical stress applied naturally or under controlled conditions inhibits growth in mass and dimensions of major plant parts. Wind and precipitation are important natural sources of mechanical stress. Under field conditions, cultivated plants experience these natural mechanical stresses plus those caused by irrigation and contact with farm machinery or workers during cultivation. Some horticultural practices, such as staking of trees or potted plants, pinching or pruning stems, deadheading flowers, bagging potted plants, or training branches, are mechanical stresses that affect plant growth. Handling practices in plant science research, such as cross-pollination or tagging of flowers (Frizzell et al., 1960) or repeated attachment of leaf chambers for measurement of water status or photosynthetic rates (Marler and Mickelbart, 1992) , also can affect plant growth and physiology.
shoots of plants with hands, brooms, paper, or other materials. Nontactile stimulation includes manually shaking potted plants or vibration of the pots or of plants themselves by natural wind or forced aeration. Other treatments, such as a forceful water spray or manually shaking the stem of the plant, combine tactile and nontactile stimulation. Biddington (1986) reviewed the effects of mechanical stress on plant growth and development. This article reviews research results pertinent to use of mechanical stress as a means of conditioning and controlling the growth of vegetable transplants under greenhouse conditions. tarded by rubbing for 10 set daily (Jaffe, 1973) . However, rubbing did not affect stem
WHY DO WE NEED MECHANICAL CONDITIONING?
Grace (1977) extensively studied effects of wind on the growth and physiology of grasses. Jaffe (1973) termed plant response to tactile (touching, rubbing, brushing) mechanical stress "thigmomorphogenesis," whereas plant response to a nontactile (shaking, vibration, wind) treatment was termed "seismomorphogenesis" by Mitchell et al. (1975) . However, only recently has plant response to mechanical stress been studied to control plant growth in controlled environments, such as greenhouses and growth chambers (Beyl and Mitchell, 1977b; Hammer et al., 1974) .
WHAT IS MECHANICAL CONDITIONING?
The term "mechanical conditioning" will be used here to refer to the commercial application of natural mechanical stress responses to vegetable transplant production. The following types of treatments will be discussed with respect to mechanical conditioning: Tactile stimulations include touching any part of the plant, rubbing stem sections with the fingers, or brushing the Height of bedding plants has been regulated commercially with plant growth retardants such as daminozide (B-Nine, Alar). Treated plants are shorter, sturdier, and darker green and thus more attractive than untreated plants. In 1989, the daminozide label was changed to exclude its use on all food crop plants in the United States, making growth control of vegetable transplants much more challenging. Although reductions in water and nutrient availability may reduce plant growth in controlled environments, these practices may be deleterious to long-term plant growth, development, and productivity (Rubatzky, 1986) . The potential for mass application of mechanical conditioning to control growth of vegetable species is excellent because the treatment generally is noninjurious, adaptable to production schedules, and has few longlasting effects on plant development. In fact, treated plants usually resume normal growth 2 to 3 days after treatment ceases (Jaffe, 1973; Mitchell et al., 1975; Neel and Harris, 1972) .
MORPHOLOGICAL AND PHYSIOLOGICAL RESPONSES
elongation of pumpkin ( Cucurbita pepo L.), pea ( Pisum sativum L.), or wheat ( Triticum aestivum L.). Steucek and Gordon (1975) demonstrated that shaking reduced the growth of a lodging-resistant cultivar of winter wheat but had no influence on that of a lodgingsensitive cultivar. Eggplant ( Solanum melongena L.) and soybean [ Glycine max (L.) Merr.] were responsive to rubbing or shaking, but eggplant was less responsive to wind than was soybean, presumably due to differences in growth habit (Latimer et al., 1986) . Although shoot dry weight and leaf area of cauliflower ( Brassica oleracea L.), lettuce ( Lactuca sativa L.), and celery ( Apium graveolens L.) seedlings were reduced by brushing, the species differed in which plant parts showed the greatest response to treatment (Biddington and Dearman, 1985a). Petiole elongation was most reduced for cauliflower and celery, whereas leaf elongation was most reduced for lettuce. These responses related to differences in natural growth habit of the individual species.
The degree of growth retardation of transplants of four Japanese cucumber cultivars in response to brushing corresponded to the cultivar's normal vigor and growth habit Latimer et al., 1991) . Cucumber cultivars with naturally short internodes exhibited less growth reduction than did cultivars with typically longer internodes relative to their respective untreated controls. Four tomato ( Lycopersicon esculentum Mill.) cultivars differing in internode length and vigor showed similar responses; however, hybrids between these cultivars responded in a manner similar to the maternal parent (Johjima et al., 1992) . However, four cultivars of chrysanthemum [Dendranthema grandiflorum (Ramat.) Kitamura] responded similarly relative to their respective untreated controls, to an automated mechanical stress treatment (Beyl and Mitchell, 1977a) .
Species and cultivar response
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Plant species differ in their responses to mechanical conditioning and to the type of treatment imposed. For example, stem elongation of young barley ( Hordeum vulgare L.), wild hop ( Bryonia dioica Jacq.), cucumber ( Cucumis sativa L.), kidney bean (Phaseolus vulgaris L.), and castor bean ( Ricinus communis L.) was significantly reIn addition to species and cultivar differences in growth response to mechanical stress, there also are differences in the degree of damage caused by the treatments. Eggplant seedlings are very easily damaged by stemrubbing treatments (Latimer et al., 1986) . Cabbage and broccoli ( Brassica oleraceae L.) are more easily damaged by brushing than is tomato or pepper ( Capsicum annuum L.) (Latimer, 1991) . However, pepper exhibited more damage than did tomato under the same treatment regime. Differences in leaf morphology may account for differences in damage between the species. However, cultivars also differ: 'Dantobi-yohzu' tomato incurred extensive leaf damage during the first week of brushing, whereas six other lines incurred none (Johjima et al., 1992) .
Plant responsivity
The greatest reductions in growth occur in young tissue or tissue directly contacted by the treatment (Mitchell et al., 1975; Turgeon and Webb, 1971) . Therefore, mechanical conditioning preferentially reduces stem elongation and leaf expansion, resulting in more compact plants. Younger plants suffer more physical damage, indicating that time of initiating treatment also may affect plant response to the stress Latimer, 1991). However, most vegetable transplants are grown in multicell flats and, to prevent unruly tangling of plants in the flat, brushing must be initiated before plants become undesirably tall. Damage possibly will occur only if there is physical contact with developing tissue, as in brushing. The duration of a brushing treatment also affects the amount of damage incurred (Biddington and Dearman, 1988) .
The duration and time of application of mechanical conditioning treatments also may affect the amount of growth reduction. Greater growth inhibition of 'Supersonic' tomato occurred when plants were shaken twice daily for 30 sec than with a daily 60-sec treatment (Mitchell et al., 1975) , but shaking-induced growth reductions of 'Rutgers' tomato seedlings were independent of the time of day treatment was applied (Heuchert and Mitchell, 1983 ). Inhibition of chrysanthemum stem elongation in response to a single shaking treatment was greatest when the treatment was applied in the morning (Beyl and Mitchell, 1977a) . However, one 4-min treatment in the morning resulted in the same growth reduction as four 1-min treatments applied throughout the day, suggesting that the frequency of treatment is less important than the total dosage applied throughout the day. However, Piszczek and Jerzy (1987) found that stem elongation of tomato transplants was reduced more effectively by small doses (5 sec) of shaking stress applied frequently (six times daily) than by a larger dose applied once daily (60 sec) or once every 3rd day (90 sec). Research on mechanical conditioning of vegetable transplants has typically used a minimum of 1.5 min of brushing applied once (Biddington and Dearman, 1985a) or twice (Latimer, 1990; Latimer et al., 1991) daily.
Seasonal variation in environmental conditions also can affect plant response to mechanical conditioning. Growth of tomato is reduced more by shaking during the winter than during the summer (Heuchert and Mitchell, 1983; Piszczek and Jerzy, 1987) , and pea was more responsive during winter than during spring or fall (Akers and Mitchell, 1984) . In general, plant response to mechanical conditioning is greater under moderate temperatures and low photon flux levels than under higher levels.
Kidney bean was less responsive. to rubbing when night temperatures were <16C rather than above and showed maximal response, compared with untreated controls, at a constant 24C (Hunt and Jaffe, 1980) . In preliminary growth-chamber experiments, tomato seedlings grown at high (32C day/ 28C night) temperatures were less responsive to shaking than plants grown at moderate (27C day/23C night) temperatures (Heuchert and Mitchell, 1983) .
Effects of light on plant response to mechanical treatments have been more clearly defined. Stem elongation by tomato seedlings grown under reduced sunlight during the summer exhibited greater response to shaking at low (17% of full sun) light levels, while leaf area was affected only at higher (44% of full sun) light levels (Heuchert and Mitchell, 1983) . Similar response was obtained in soybean (Pappas and Mitchell, 1985b) . Growth chamber studies with soybean confirmed a light-sensitivity response for stem elongation and leaf expansion (Jones et al., 1990) . Heuchert and Mitchell (1983) found that equivalent shaking treatments reduced leaf area 34% during winter but only 19% during summer, although, through the use of shadecloth during the summer experiment, the total solar energy received during the two experiments was about the same, suggesting undefined interactions with other environmental conditions. Generally, under conditions of low, limiting light, vegetable seedling response to mechanical conditioning likely would improve control of plant height with less effect on leaf growth.
Other morphological responses
With respect to commercial production, the more frequent the application and the longer the duration of a mechanical conditioning treatment of vegetable transplants, the greater the growth reduction expected. However, if a single daily treatment is applied, it often is advisable to apply it during the morning hours. Although CO 2 uptake resumed within 60 min after shaking, photosynthetic rates of soybean were reduced for almost 5 h, primarily due to increased stomatal resistance (Pappas and Mitchell, 1985a) . Therefore, morning treatments may have Depending on species, other morphological responses may include increased or decreased stem thickness. However, in either case, mechanical conditioning enhances stem strength and plant resistance to damage during subsequent handling. Kidney bean subjected to stem rubbing or wind exhibited reduced elongation but increased radial enlargement of the stems (Biro and Jaffe, 1984) . Rubbed bean stems also were stronger, i.e., had a higher modulus of elasticity, than untreated stems (Jaffe et al., 1984) . However, shaking tomato plants resulted in shorter but thinner stems that also were stronger than stems of unshaken plants (Heuchert et al., longer lasting effects on growth. This responsiveness to application dose makes mechanical conditioning a more flexible treatment than chemical growth regulation.
Seasonality of response
1983). Compared with untreated plants, there was much less stem breakage of brushed cucumber transplants during manual planting to the field (Latimer et al., 1991) . These results suggest that mechanical stress could be valuable in preparing plants for the rigors of shipping and field planting.
Pretreatment of transplants with mechanical stress caused a slight increase in stem pithiness of celery under well-watered conditions (Pressman et al., 1984) , as well as of tomato (Pressman et al., 1983) . Pithiness is a disorder, generally induced by severe drought, that results in a "hollow" or pithy stem (Aloni and Pressman, 1981) . Although mechanical conditioning induced some pithiness, it significantly improved plant resistance to more severe, drought-induced stem pithiness for celery and tomato.
Mechanically conditioned plants frequently appear darker green than the controls. Specific chlorophyll content (chlorophyll content per unit dry weight of tissue) increased in shaken tomato (Mitchell et al., 1975) , brushed lettuce and celery (Biddington and Dearman, 1985a) , and rubbed or shaken eggplant (Latimer and Mitchell, 1988) . Specific leaf weight (SLW, leaf dry weight : leaf area), an estimate of leaf density, also increased in tomato (Heuchert and Mitchell, 1983) , eggplant and soybean (Latimer et al., 1986) , pea (Akers and Mitchell, 1984) , soybean (Jones et al., 1990) , and in lettuce, celery, and cauliflower (Biddington and Dearman, 1985a) in response to various mechanical conditioning treatments. Increased SLW and chlorophyll content may enhance photosynthetic rate (Nobel and Hartsock, 1981) . Because early stages of leaf development influence SLW (Nobel and Hartsock, 1981) , mechanical conditioning of greenhouse-grown seedlings or transplants may improve their adaptation to field conditions, in part by increasing SLW Latimer et al., 1986) .
Mechanical conditioning generally reduces root growth less than shoot growth, resulting in increased root : shoot ratios in some species, including lettuce (Biddington and Dearman, 1985a), broccoli (Latimer, 1990) , cucumber (one of four cultivars) (Latimer et al., 1991) , and in three of seven lines of tomato (Johjima et al., 1992) . Increases in root : shoot dry weight ratios have been associated with improved field establishment under drought conditions (Watts et al., 1981) . Brushing reduced root growth of lettuce, cauliflower, and celery (Biddington and Dearman, 1985a) , broccoli (Latimer, 1990) , and garden bean (Huberman and Jaffe, 1981), but not of Cucurbita melopepo L. (Turgeon and Webb, 1971) , pea (Akers and Mitchell, 1984) , or sunflower (Helianthus annuus L.) (Beyl and Mitchell, 1983) .
There is limited evidence that mechanical conditioning influences nutrient uptake.. Continuous shaking of tall fescue (Festuca arundinacea Schreb.) resulted in greater accumulation of N, P, and K in leaves, especially when the plants were grown under conditions of low soil-P levels (Grace et al., 1982) . These results may have been related
